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Plants, like mammals, rely on their innate immune system to perceive and discriminate
among the majority of their microbial pathogens. Unlike mammals, plants respond to
this molecular dialog by unleashing a complex chemical arsenal of defense metabolites
to resist or evade pathogen infection. In basal or non-host resistance, plants utilize
signal transduction pathways to detect “non-self,” “damaged-self,” and “altered-self”-
associated molecular patterns and translate these “danger” signals into largely inducible
chemical defenses. The WD40 repeat (WDR)-containing proteins Gβ and TTG1 are
constituents of two independent ternary protein complexes functioning at opposite ends
of a plant immune signaling pathway. They are also encoded by single-copy genes that
are ubiquitous in higher plants, implying the limited diversity and functional conservation
of their respective complexes. In this review, we summarize what is currently known about
the evolutionary history of these WDR-containing ternary complexes, their repertoire
and combinatorial interactions, and their downstream effectors and pathways in plant
defense.
Keywords: heterotrimeric G-protein, MYB-bHLH-WDR complex, TTG1, Gβ, plant innate immunity, RACK1,
flavonoid metabolism
INTRODUCTION
WD40 repeat (WDR)-containing proteins are prevalent in eukaryotes, but rarely present in
prokaryotes (Janda et al., 1996; Stirnimann et al., 2010). Plant genomes typically encode more than
200 putative WDR-containing proteins (van Nocker and Ludwig, 2003; Ouyang et al., 2012), which
is slightly less than the human genome (349; Letunic et al., 2014). The basic function of WDR-
containing proteins is to serve as rigid scaffolds for protein–protein and protein-DNA interactions.
WDR-containing proteins are involved in fundamental mechanisms such as signal transduction,
chromatin modification and transcriptional regulation. They are also involved in a wide variety of
plant processes, including cell division, meristem organization, light signaling, floral development,
secondary metabolism, and innate immunity (Smith et al., 1999; van Nocker and Ludwig, 2003;
Perfus-Barbeoch et al., 2004).
Plants, unlike mammals, lack mobile defender cells and an adaptive immune system. Instead,
they rely on the innate immunity of each cell, systemic peptide and chemical signals emanating
from infection sites, and preformed and inducible chemical defenses at infection sites to ward
off invading pathogens (Dixon, 2001; Jones and Dangl, 2006; Zipfel, 2014). Plants, like mammals,
have a multi-tiered pathogen-detection system. The first layer is evolutionarily more ancient and
involves the cell-surface perception of conserved microbial or “non self ” molecular signatures
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known as microbe-/pathogen-associated molecular patterns (or
MAMPs/PAMPs) and pathogen-generated “damaged/altered-
self ” molecular signatures known as damage-associated
molecular patterns (or DAMPs). These “danger” signals are
recognized by pattern recognition receptors (or PRRs), which
in plants are plasma membrane-localized receptor-like proteins
(RLPs) or receptor-like kinases (RLKs). MAMPs, inter alia,
are also thought to be the molecular determinants of induced
systemic resistance (ISR) that is activated by beneficial plant-
microbe interactions in the roots (Van Wees et al., 1997;
Meziane et al., 2005; Bakker et al., 2007). The second layer of
immunity involves the cytosolic perception of pathogen-specific
effector proteins by intracellular nucleotide binding leucine-rich
repeat (or NB-LRR)-containing resistance proteins to trigger
programmed cell death at infection sites and, in many cases,
systemic acquired resistance in the host plant (Jones and Dangl,
2006).
Plant immunity, in particular, boasts two distinct but
structurally similar classes of WDR-containing proteins: Gβ,
and TRANSPARENT TESTA GLABRA1 (TTG1). The Gβ and
TTG1 proteins are constituents of ternary regulatory complexes
(Figures 1A, 2A). While the Gβ is widely conserved across a
diversity of eukaryotes (Adams et al., 2011; Bradford et al., 2013),
TTG1 is only present in higher plants (Figure 1B). The Gβ
and TTG1 proteins are coupled to type-I membrane receptors
and transcription factors, respectively, in a plant innate immune
signaling pathway that convert extracellular signals into a subset
of intracellular chemical defense responses (see below).
Structural Conservation
of WDR-Containing Proteins Gβ and TTG1
The common and defining structural feature of WDR-containing
proteins is the seven-tandem WDR motif sequence, which
adopts a seven-bladed β-propeller-like structure with three
potential surfaces for molecular interactions—the top, bottom
and circumference (Figure 3A; Lambright et al., 1996; Smith
et al., 1999; Ullah et al., 2008; Adams et al., 2011; Ruiz Carrillo
et al., 2012). Each blade of the propeller-like structure consists of
four antiparallel β strands; the first three strands of one blade and
the fourth strand of the next are formed by a single WDR motif;
the overlap between two adjacent propeller blades provides an
interlocking architecture that holds the propeller-like structure
in a closed, rigid ring structure (Smith et al., 1999; Adams
et al., 2011). The seven-bladed β-propeller structure is best
demonstrated for the WDR-containing receptor for activated
C kinase 1 (RACK1) protein, for which there are four known
structures from a diversity of eukaryotes (Figure 3A; Ullah et al.,
2008; Coyle et al., 2009; Rabl et al., 2011; Ruiz Carrillo et al.,
2012).
Unlike TTG1, the Gβ protein additionally contains an N-
terminal α-helix (Figure 3A) that forms a coiled-coil structure
with the Gγ protein, as indicated by the crystal structure of the
human Gβ HsGNB1 partially encircled by the Gα HsGNAT1
(Sondek et al., 1996). However, HsGNB1 remains the sole Gβ
with a solved crystal structure, which serves as the foundation
(along with a handful of solved RACK1 structures) for the
predicted Gβ structures generated by structural bioinformatics.
Within these confines, there is some evidence that the Gβ-specific
structure mediating the Gβγ interaction may not be conserved
across eukaryotes. For example, Gβ proteins frommore primitive
eukaryotes (e.g., alveolate Tetrahymena thermophila Gβ and
the green alga Chara braunii Gβ) are predicted to lack
the N-terminal helix (Figure 3A) but still retain the Gβγ
interaction (Hackenberg et al., 2013), presumably through
a novel Gβγ interaction domain(s) within the β-propeller
structure. Additional crystal structures of non-metazoan Gβ
sequences are needed to provide structural details on the Gβγ
interaction across eukaryotes.
HETEROTRIMERIC G-PROTEIN COMPLEX
The most extensively studied WDR-containing protein to date
is the Gβ subunit of the heterotrimeric G-protein complex,
which is one of the most conserved and elaborate receptor-
effector signaling mechanisms in eukaryotes. The Gβ reversibly
interacts with the GDP-bound Gα subunit and forms an obligate
heterodimer (Gβγ) with the Gγ subunit. While the interaction
between the Gα and the Gβγ dimer serves as a molecular switch,
the Gβ serves as a scaffold for effector proteins (Figure 1A).
In animals and fungi, ligand perception by the heptahelical
membrane receptors, G-protein-coupled receptors (GPCRs),
leads to replacement of GDP with GTP in the Gα subunit
and activation of the heterotrimer (Li et al., 2007; Oldham and
Hamm, 2008). Upon activation, the GTP-bound Gα and Gβγ
dimer dissociate from each other and from the receptor complex,
releasing their bound effectors to activate various signaling
cascades. Signaling terminates when the intrinsic GTPase activity
of the Gα hydrolyzes GTP to GDP and the inactive heterotrimer
reforms at the receptor.
Elusive Receptor-Effector Signaling
Mechanism
Although signal transduction through a heterotrimeric G-protein
complex is common to animals and plants, there are some
mechanistic differences between the evolutionary branches. For
example, in plants and basal eukaryotes, the canonical Gα subunit
isoform is self-activating, and thus does not require GPCR-like
proteins for its activation (Jones et al., 2011a,b; Bradford et al.,
2013). Plants also contain non-canonical Gα subunit isoforms,
which have a slower rate of GTP hydrolysis (Heo et al., 2012),
but it is not yet known whether they are also self-activating. In
addition, canonical GPCR-like sequences are absent or rare in
plants (Urano et al., 2013; Taddese et al., 2014). Instead, plants
have several families of non-canonical GPCR-like sequences,
three of which (GCR1, GTG1, and GTG2) have been shown
to interact in planta with the Arabidopsis canonical Gα GPA1
and modulate an ABA-mediated drought response (Pandey and
Assmann, 2004; Pandey et al., 2009). It remains controversial
whether the GPCR-like proteins are bona fide GPCRs, although
a recent structural bioinformatics study has found GCR1 to be
a strong GPCR candidate based on its predicted heptahelical
scaffold and GPCR fold (Taddese et al., 2014). Plants also contain
hundreds of membrane RLP and RLK sequences (Shiu and
Bleecker, 2001, 2003; Fritz-Laylin et al., 2005), two of which (the
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FIGURE 1 | (A) Regulatory network of known Gβ-dependent pathways in Arabidopsis illustrating the interactions between G-protein subunits and between Gβ1 and
its effectors for various regulated plant processes. Growth and development processes include stomatal density and opening, seed germination, hypocotyl elongation,
and organ (i.e., leaf, silique, seed) morphology. Abiotic stress responses include salt stress, chemical-induced endoplasmic reticulum stress, and sugar stress.
DAMP-triggered immune responses include MAP kinase activation and ROS generation. MAMP-triggered immune responses include aforementioned immune
responses as well as modulation of the flavonoid anthocyanin pathway. Unbroken and broken black lines indicate indirect and direct interaction, respectively; red arrow
indicates positive regulation. Shapes: heptagons, WDR-containing proteins Gβ and AtRACK1; circles, Gα proteins; moons, Gγ proteins; rectangles, downstream Gβγ
effectors. For a given shape, different colors denote different classes of G-protein subunit isoforms or WDR-containing proteins. Arabidopsis proteins: Gβ1, AGB1;
Gα1, GPA1; Gα2, XLG1; Gα3, XLG2; Gα4, XLG3; Gγ1, AGG1; Gγ2, AGG2; and Gγ3, AGG3. Note that the expanded diversity of the non-WDR-containing subunits in
the complex likely provides functional specificity within plant innate immune signaling. Also note the paucity of identified effectors downstream of the G-protein
complexes for all known regulated processes. (B) Tree depicting the number of Gβ, RACK1 and TTG1 sequences identified to date for representative species of the
five eukaryote supergroups as well as two major plant evolutionary milestones: plant colonization of land (*) and the first appearance of the bHLH interaction motif
present on constituent MYBs in the MYB-bHLH-TTG1 complex (I). Note that no Gβ or TTG1 sequences were identified in the Rhizaria group.
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FIGURE 2 | (A) Regulatory network of AtTTG1-dependent pathways in Arabidopsis illustrating the potential/indirect (broken black lines) and demonstrated (unbroken
black lines) interactions among proteins/genes. Boxed are regulated processes. Key: green heptagons, WDR-containing protein AtTTG1; red ovals, bHLH
transcription factors from subgroup IIIf; blue ovals, activator-type R2R3-type MYB subfamilies; yellow ovals, repressor-type R2R3-type MYBs; purple ovals,
repressor-type R3-type MYB subfamilies. Note the narrowing of regulatory specificity across the tiers from top to bottom. (B) Schematic representation of
MYB-bHLH-TTG1 (MBW) complexes regulating flavonoid defense metabolism and other processes in representative plant species of major clades within flowering
plants (monocot vs. dicot, asterid vs. rosid, different rosid orders). Dotted lines indicate potential genetic/physical interactions. Note the functional conservation of
MBW complexes in the regulation of flavonoid biosynthesis across different plant species.
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FIGURE 3 | (A) Seven-bladed propeller-like structures of WDR-containing proteins Gβ (top row), RACK1 (middle row) and TTG1 (bottom row) proteins from an
alveolate, green algal, plant, fungal, and metazoan species. Homology models were based on known structures of TthRACK1, AtRACK1A, ScRACK1, HsGNB1, and
HsRACK1 (marked by asterisks) as well as predicted structures from multiple sequence templates using the PHYRE2 protein fold recognition server
(www.sbg.bio.ic.ac.uk/phyre2/; Kelley and Sternberg, 2009). Acronyms: Tth, Tetrahymena thermophila; Cbr, Chara braunii; At, Arabidopsis thaliana; Sc,
Saccharomyces cerevisiae; Hs, Homo sapiens. Note the presence of an N-terminal alpha helix on the plant, fungal and metazoan Gβ proteins but not on the alveolate
and green algal Gβ proteins. (B) Maximum likelihood phylogenetic tree of Gβ sequences from representative species in the five eukaryotic supergroups. Tree was
generated using MUSCLE multiple sequence alignment, PhyML phylogeny, and TreeDyn tree viewer programs (http://phylogeny.lirmm.fr; Dereeper et al., 2008).
Bootstrap value (n = 100 replicate trees) is shown in red at the nodes. Note that the plant Gβ sequences cluster as a well-supported monophyletic group.
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maize RLP FEA2 and the Arabidopsis RLK RPK2) have been
shown to interact in planta with the maize canonical Gα CT2
and Arabidopsis canonical Gβ AGB1, respectively, to regulate
stem cell proliferation (meristem organization; Bommert et al.,
2013; Ishida et al., 2014). Finally, while all three constituents
of the mammalian G-protein complex interact with the GPCR
(Taylor et al., 1994, 1996), only the Gα and Gγ subunits of the
Arabidopsis heterotrimer have been shown to interact with the
receptor complex (Aranda-Sicilia et al., 2015). In the absence
of receptor interaction, it remains unclear how the Gβ subunit
participates in the receptor signaling complex.
Downstream, the plant Gβγ dimer has been shown to regulate
the MAPK cascade by interacting directly with a MAPK protein
(Bhardwaj et al., 2011; Xu et al., 2015) or by recruiting RACK1
proteins as MAPK cascade scaffolds (Cheng et al., 2015). By
contrast, mammalian and fungal Gβγ dimers instead recruit the
MAPK scaffolding proteins β-arrestin2 and Ste5, respectively
(Witzel et al., 2012), while mammalian RACK1 proteins serve
as Jun N-terminal kinase (JNK) MAPK cascade scaffolds for
the protein kinase C (PKC) signaling pathway (Ron et al.,
1994; López-Bergami et al., 2005). Although RACK1 is highly
conserved between plants and animals (Figure 1B), β-arrestin2,
Ste5 and second-messenger-regulated PKC proteins are absent in
plants (Stone and Walker, 1995; Witzel et al., 2012). Despite the
diversity of MAPK cascade scaffolds between plants and animals,
the use of scaffolding proteins in signal transduction pathways
appears universal.
Evolutionary History of the Plant Gαβγ
Trimer
Gβ sequences (and those of the other two G-protein subunits)
are present in the genomes of all five eukaryotic supergroups
Archaeplastida, Excavata, Opisthokonta, Amoebozoa, and
Stramenopila/Alveolata/Rhizaria (or SAR), and are absent only
in the Rhizaria subgroup of SAR (Figure 1B). Although each
supergroup consists of a diversity of eukaryotes, most of which
are microbial (e.g., protists and algae; Keeling et al., 2005;
Burki, 2014), the best-characterized Gβ sequences are from
animals/metazoans and fungi in the Opisthokonta supergroup.
The oldest extant Gβ sequence in the Archaeplastida supergroup
(e.g., land plants and green/red algae) is a single-copy gene
found in the green alga Chara braunii (Hackenberg et al., 2013;
Figure 1B). This green algal Gβ sequence is not distinct from
the Gβ sequences present in the genomes of basal plant lineages
(e.g., bryophytes and lycophytes) and the diploid genomes of
higher plant lineages (Figure 3B; Urano et al., 2013), indicating
that they descended from a single ancestral plant Gβ sequence.
In contrast, phylogenetic analysis of metazoan Gβ sequences
identified three distinct Gβ classes (GNB1–4-like, GNB5-like,
and Gbe-like); the first two are found in humans, and the third
is specific for arthropods (de Mendoza et al., 2014; Krishnan
et al., 2015). GNB1–4-like and GNB5-like sequences are likely
present in the last common metazoan ancestor and are confined
within metazoans (de Mendoza et al., 2014; Krishnan et al., 2015;
Figure 3B).
Previous phylogenetic analysis for ancestral plant Gβ
sequences suggested that plant Gβ sequences are more closely
related to Gβ sequences from the SAR (e.g., diatom) and
Amoebozoa (e.g., entamoeba) supergroups than those of
Excavata (Friedman et al., 2009). Although it is still not clear
how the eukaryotic supergroups relate to one another, the
most popular hypothesis (Amorphea-bikont rooting) places the
root of the eukaryotic tree between the last common ancestor
of the amoebozoans and opisthokonts and the remaining
eukaryotes (Keeling et al., 2005; Burki, 2014). The Amorphea-
bikont rooting positions the Gβ sequences in the Excavata
supergroup between the plant Gβ sequences and those of
the amoebozoans and opisthokonts (Figure 1B). Phylogenetic
analysis of a representative sampling of Gβ sequences from all
five supergroups supports this hypothesis by sandwiching the
Gβ sequences in the Excavata supergroup between the plant Gβ
sequences and the animal GNB1-4-like sequences (Figure 3B).
Combinatorial Diversity of Plant G-Proteins
Although the heterotrimeric G-protein complex consists of three
subunits, subunit isoforms can give rise to many heterotrimeric
combinations, limited in part by amino acid sequence differences
in the contact regions that lead to selective interactions.
Given the large number of known G-protein-mediated signaling
pathways, a diversity of G-protein isoforms is needed for
signaling specificity (Wettschureck and Offermanns, 2005). For
example, the human genome encodes 16 Gα, 5 Gβ, and 12
Gγ subunit isoforms, allowing for approximately 700 potential
Gαβγ combinations (Hillenbrand et al., 2015; Figure 1B). By
contrast, Arabidopsis thaliana, like most diploid plants, contains
4 Gα (GPA1, XLG1–3), one Gβ (AGB1), and 3 Gγ (AGG1–3)
subunit isoforms, allowing for 12 potential Gαβγ combinations
(Figure 1; Ma et al., 1990; Weiss et al., 1994; Mason and Botella,
2000, 2001; Zhu et al., 2009; Thung et al., 2012; Chakravorty
et al., 2015; Maruta et al., 2015). This number falls short of the
specificity needed for the large number of known G-protein-
mediated signaling pathways regulating fundamental processes
in plants, and remains a bottleneck issue in plant G-protein
signaling (Urano et al., 2013).
The sole Gβ subunit isoform is a limiting factor for plant
G-protein combinatorial diversity. There are different complex
models on how one Gβ subunit isoform is able to transduce so
many diverse signals (Urano and Jones, 2014). In addition, the
ubiquitous presence of Gβ-like sequences across plant genomes
has led to a hypothesis on the existence of additional non-
canonical classes of plant Gβ subunits that have yet to be
discovered, a situation analogous to the recent discoveries of
new classes of plant Gα sequences (XLG1–3-like) and plant Gγ
subunits (AGG3-like; Lee and Assmann, 1999; Thung et al.,
2012). The XLG1–3-like Gα subunit differs from the canonical
Gα subunit in its possession of a long N-terminal extension
of unknown function and its nuclear- and plasma membrane-
localization (Ding et al., 2008; Chakravorty et al., 2015; Maruta
et al., 2015). Similarly, the AGG3-like Gγ subunit differs from the
canonical Gγ subunit in its possession of a C-terminal extension
that is cysteine-rich and of unknown function (Chakravorty et al.,
2011; Trusov et al., 2012).
Aside from genetic interaction data, there is physical
interaction evidence from yeast three-hybrid studies supporting
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interaction specificity within the heterotrimer and its putative
coupled receptor/adaptor. For example, the Arabidopsis Gα
subunit isoforms, XLG1 and XLG2 have been shown to strongly
interact with the Gβγ heterodimers AGB1-AGG1/2, while the
Gα subunit isoform GPA1 strongly interacts with the Gβγ
heterodimer AGB1-AGG3 and XLG3 strongly interacts with
all three Gβγ heterodimers AGB1-AGG1/2/3 (Chakravorty
et al., 2015; Maruta et al., 2015), suggesting that all three Gγ
isoforms are somewhat selective of their interaction partners,
each preferring two of the four Gα isoforms. In addition, yeast
split-ubiquitin and Bimolecular Fluorescence Complementation
(BIFC) studies indicate that the other two Gγ isoforms AGG1/2
mediate the interaction between the plant heterotrimer and the
co-receptor proteins BAK1 and CERK1 (Aranda-Sicilia et al.,
2015). These reports are consistent with similar reports of animal
Gγ isoforms conferring specificity to the G-protein complex-
GPCR interaction (Im et al., 1988; Kisselev and Gautam, 1993).
G-Protein Complexes in Defense
One of the best-characterized functions of the Arabidopsis
heterotrimeric G-protein complex is in plant innate immunity,
where it participates in multiple immune signaling pathways
and defense responses (e.g., reactive oxygen species (ROS)
production, mitogen-activated protein kinase (MAPK)
activation, defense gene activation, callose deposition,
and programmed cell death) against a variety of fungal
(Llorente et al., 2005; Trusov et al., 2006, 2007, 2009; Delgado-
Cerezo et al., 2012; Torres et al., 2013) and bacterial pathogens
(Zhang et al., 2008; Ishikawa, 2009; Zeng and He, 2010; Lee et al.,
2013; Liu et al., 2013; Torres et al., 2013). Evidence of a physical
interaction between a plant heterotrimer and a ligand-binding
innate immune receptor (e.g., FLS2, EFR, LYK4/5) is still elusive,
although a recent report showed a direct interaction between the
canonical Gα GPA1 and the Gγ isoforms AGG1/2 (but not the
Gβ AGB1) with the co-receptor proteins BAK1 and CERK1 by
yeast split-ubiquitin assay and BiFC studies (Aranda-Sicilia et al.,
2015). If validated, this is the first report of a novel plant-specific
interaction between a heterotrimer and a receptor complex
via co-receptor adaptors. If the plant heterotrimer is coupled
directly to the receptor complex, then further research is needed
to understand how the plant heterotrimer converts MAMP
and/or DAMP signals from the receptors into intracellular
defense responses, especially if the heterotrimer is self-activating.
Nearly all of the Arabidopsis G-protein subunit isoforms
(save two—XLG1 and AGG3) participate in plant defense
(Figure 1A; Maruta et al., 2015) and an even smaller subset of G-
protein subunit isoforms in a bacterial DAMP-triggered immune
pathway involving RACK1 proteins as MAPK cascade scaffolds
(Figure 1A; Cheng et al., 2015). The sole Gβ AGB1 participates
in all G-protein-mediated processes, and positively contribute
to all tested immune responses, including ROS production,
callose deposition, MAPK activation, defense gene activation and
programmed cell death (Llorente et al., 2005; Maeda et al., 2009;
Liu et al., 2013; Torres et al., 2013). Among the Gα subunit
isoforms, XLG2 is the major contributor to resistance against the
hemibiotrophic bacterium Pseudomonas syringae, necrotrophic
fungi Alternaria brassicicola and Plectosphaerella cucumerina,
and the hemibiotrophic fungus Fusarium oxysporum. The
loss-of-function xlg2 mutant most closely recapitulates the
phenotypes of the loss-of-function agb1 mutant in its pathogen
susceptibility (Llorente et al., 2005; Trusov et al., 2006; Zhu
et al., 2009; Torres et al., 2013; Maruta et al., 2015), and the
XLG2 protein was shown to interact with the AGB1 protein
in planta by co-immunoprecipitation of overexpressed proteins
(Zhu et al., 2009). In addition, the Gα isoform GPA1 contributes
to bacterial resistance by mediating stomatal closure, a MAMP-
triggered immune response that retards pathogen entry through
the stomata (natural openings in the plant surface; Zhang
et al., 2008), while the Gα isoform XLG3 contributes partly
to resistance against Fusarium oxysporum (Maruta et al., 2015)
through an unknown mechanism. Among the Gγ subunit
isoforms, AGG1 and AGG2 are mostly redundant in their
contribution to plant immunity (Trusov et al., 2007; Thung
et al., 2013). The loss-of-function agg1/agg2 double mutant
recapitulates the phenotypes of the agb1 mutant in pathogen
susceptibility (Trusov et al., 2007; Liu et al., 2013; Torres et al.,
2013; Maruta et al., 2015). These results suggest that multiple
G-protein combinations are required for a successful plant
defense response against a majority of pathogens, with the Gβ
playing a central but undefined role in immune signaling.
Search for G-Protein Complexes
in Pathogenesis
Although compatibility between plants and their pathogens leads
to disease and symptom development, it is rarely found in nature
due to the effectiveness of the plant innate immune system.
One exceptional case is the small family of GPCR-like mildew
resistance locus O (MLO) receptor proteins, which are found
throughout flowering plants. A subset of MLO proteins has
been shown to be a conserved requirement for the compatibility
of monocots and dicots with their adapted powdery mildew
pathogens (Devoto et al., 2003; Consonni et al., 2006; Humphry
et al., 2006). While it remains controversial whether GPCR-
like proteins are bona fide GPCRs, some Arabidopsis MLO
proteins have predicted heptahelical scaffolds, GPCR folds, and
G-protein coupling (Taddese et al., 2014). However, the three
MLO proteins involved in fungal pathogenesis (AtMLO2/6/12)
do not contain these GPCR hallmarks and thus are unlikely to
function as canonical GPCRs (Taddese et al., 2014). In addition,
attempts to couple the two plant heterotrimers (GPA1-AGB1-
AGG1/2) to the MLO receptor were not successful (Lorek
et al., 2013). Still, further research is needed to discern whether
other heterotrimeric combinations are involved in regulating the
compatibility between plants and their pathogens.
TERNARY MYB-bHLH-TTG1 COMPLEXES
Flavonoids in Defense
Plant secondary (or defense) metabolites are essential for
plant survival in complex environments, and are the primary
means of defense against microbial pathogens as well as insect
herbivores and competitor plants (Dixon, 2001; Kliebenstein,
2013). The phenylpropanoids represent one of the largest and
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FIGURE 4 | Simplified phenylpropanoid pathway depicting the flavonoid (in purple) and lignin branch pathways, major flavonoid classes and basic
flavonoid structures. Multiple arrows indicate multiple enzymatic steps. Key flavonoid steps: CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone
3-hydroxylase; FLS, flavonol synthase, DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; UFGT, UDP-glucose
flavonoid 3-O-glucosyltransferase.
most ancient families of defense metabolites in land plants.
The two largest subfamilies within the phenylpropanoids are
the flavonoids and the lignins, whose partially overlapping,
competing branch pathways share the first three steps in
the phenylpropanoid biosynthetic pathway (Figure 4). Among
the flavonoid classes, the anthocyanins, proanthocyanidins and
3-deoxyanthocyanidins have been shown to be critical for disease
resistance in a number of plant species. For example, the
3-deoxyanthocyanidin phytoalexins in Sorghum contribute to
localized resistance against the Sorghum anthracnose disease
fungus Colletotrichum sublineolum, the southern leaf blight
fungus Cochliobolus heterostrophus and head smut fungus
Sporisorium reilianum (Nicholson et al., 1987; Snyder and
Nicholson, 1990; Lo et al., 1999; Zuther et al., 2012).
In grapevine, proanthocyanidins (also known as condensed
tannins) contribute to resistance against the gray mold fungus
Botrytis cinerea by competitively inhibiting fungal laccases
involved in plant cell wall degradation and phytoalexin
detoxification (Pezet et al., 1992; van Baarlen et al., 2007). In
Arabidopsis, the colorful anthocyanins may be the molecular
basis of the ISR that is induced by the biocontrol fungus
Trichoderma hamatum against Botrytis cinerea (Mathys et al.,
2012; Kottb et al., 2015). Additionally, the Trichoderma-
synthesized volatile 6-pentyl-α-pyrone may be the MAMP signal
responsible for triggering ISR (Kottb et al., 2015). Although the
identities of the flavonoid metabolite(s) involved in ISR remain
unknown, mutant analysis confirmed that flavonoid biosynthesis
is required for ISR (Mathys et al., 2012).
Anthocyanins, proanthocyanidins and 3-deoxyanthocyanidins
represent partially overlapping, competing pathways within the
flavonoid biosynthetic pathway (Figure 4; Hipskind et al.,
1996; Winkel-Shirley, 2001). In addition, the flavonoid pathway
itself competes with the lignin pathway for shared resources
(Figure 4). The immediate biochemical and physiological
needs for the defense response are best illustrated during the
de novo synthesis of defense metabolites critical to disease
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resistance, where the synthesis of more common/less essential
phenylpropanoids are repressed in order to maintain metabolic
balance between the competing pathways (Kombrink and
Hahlbrock, 1990). For example, in Arabidopsis, the bacterial
MAMP flg22 transcriptionally upregulates the synthesis of
lignins, while repressing the light-dependent production of
anthocyanins (Saijo et al., 2009; Adams-Phillips et al., 2010;
Schenke et al., 2011). Similarly, in Sorghum, unknown fungal-
derived signals transcriptionally upregulate the synthesis of
the 3-deoxyanthocyanidins, while repressing light-dependent
production of anthocyanins (Weiergang et al., 1996; Lo and
Nicholson, 1998; Wharton and Nicholson, 2000; Shih et al.,
2006). Defense metabolites can also be synthesized from two or
more overlapping pathways, requiring more complex pathway
regulation. For example, most monocots, including maize,
rice, and wheat, incorporate the flavonoid tricin into the lignin
polymer (Lan et al., 2015), although it is not yet known whether




In plants, the majority of the non-homologous gene constituents
of well-characterizedmulti-gene pathways in defensemetabolism
and cell differentiation are not genetically clustered as they are
in fungi and bacteria, but are distributed throughout the plant
genome (Lappin et al., 2006; Kliebenstein and Osbourn, 2012).
Instead, to facilitate their common regulation, co-regulated genes
along a pathway or sections within typically share common or
overlapping sets of promoter elements that are bound by specific
transcription factor, and thus are transcriptionally clustered into
an operon- like gene module known as a regulon. This functional
gene organization allows for a limited set of transcriptional
regulators to combinatorially control a regulon for pathway
function. The best-studied transcriptional regulator of pathways
in defense metabolism in higher plants is the MYB-bHLH-
WDR (MBW) complex, wherein the sole constituent WDR-
containing protein is known as TTG1 and the MYB and bHLH
constituents are paralogous transcription factors from small
subfamilies (analogous to classes of G-protein subunit isoforms;
Figure 2A). MYB constituents of the MBW complexes are either
R2R3-type or R3-type MYBs, where R stands for the number
of adjacent repeats of the MYB DNA-binding, helix-turn-helix
domain; plant MYBs lack the first repeat (Kranz et al., 1998;
Stracke et al., 2001; Dubos et al., 2010).
The pathway specificity of the MBW complex is determined
by the diversity of the MYB constituent, limited in part by the
overlapping functions of paralogous members within a MYB
subfamily (Stracke et al., 2001). However, in vitro promoter
binding studies to date indicate that R2R3-type MYBs from
different subfamilies appear to bind to the same or very
similar cis-regulatory elements, which are described generally
as “AC-like” sequences (e.g., TACC(T/A)A(C/A)C (MBSIIG1–
4 motif), CACC(T/A)A(C/A)C (MBSIIG5–8 motif), ACCTACC
(AC-I or SMRE-8 motif), ACCAACC (AC-II or SMRE-4
motif), ACCTAAC (AC-III or SMRE-7 motif), ACC(T/A)ACC
(AC-I/SMRE-8 or AC-II/SMRE-4 motif), and ACCCGCC)
(Grotewold et al., 1994; Williams and Grotewold, 1997; Romero
et al., 1998; Zhao et al., 2007; Zhou et al., 2009; Fornalé
et al., 2010; Prouse and Campbell, 2013). However, in vitro-
defined consensus motifs may not be sufficient and/or present
in the majority of their in vivo DNA target sequences, as was
demonstrated for several animal transcription factors (Carr and
Biggin, 1999; Yang et al., 2006; Rabinovich et al., 2008) and
the maize R2R3-type MYB ZmMYBP1 from subgroup 7, which
was found to preferentially bind to sequences containing 6 to 8
repeats of CxxC (where X corresponds to any nucleotide) with
no preference for A or T between the C base pairs (Morohashi
et al., 2012). Currently, it remains unclear how the different MYB
subfamilies confer pathway specificity to the MBW complex.
Because AC-like sequences are also typically present in the
promoters of activator- and repressor-type R2R3-type MYB
genes, constituent MYBs not only participate inMBW complexes
but also can transcriptionally regulate other components in
the complexes and/or competing MYBs via autoregulatory,
feedback or feedforward loops (Baudry et al., 2006; Zhao et al.,
2007). In addition, the expression of repressor-type MYBs is
typically development-specific or stress-responsive and thus can
serve to fine-tune pathway regulation (Jin et al., 2000; Preston
et al., 2004; Fornalé et al., 2014). For example, chromatin
immunoprecipitation experiments in Arabidopsis have shown
that the WDR-containing TTG1 and the bHLH constituent
GL3 are associated with the promoters of pathway genes in
anthocyanin and proanthocyanidin metabolism as well as the
promoters of repressor- and R3-typeMYBs CPC, TRY, and ETC1
(Morohashi et al., 2007; Zhao et al., 2008).
Role of TTG1 in Defense
The WDR-containing TTG1 has both direct and indirect
roles in plant defense. For example, heterologous expression
of the Sorghum R2R3-type MYB SbY1 in maize induced
3-deoxyanthocyanidin synthesis and enhanced resistance
against leaf blights (Ibraheem et al., 2010, 2015). Although
maize contains the SbY1 ortholog ZmP1 (Grotewold et al.,
1994) and the necessary flavonoid biosynthetic genes,
ZmP1 does not participate in MBW complexes nor induce
3-deoxyanthocyanidin synthesis in response to fungal
attack (Ibraheem et al., 2015). These observations suggest
that SbY1 requires additional regulatory factors to induce
3-deoxyanthocyanidin synthesis in Sorghum (and in maize).
One of these factors may be the Sorghum TTG1 ortholog
Tan1 (Mizuno et al., 2014). QTL analysis identified Tan1
gene as a major determinant of the relative proportions of
3-deoxyanthocyanidins responsible for the pathogen-induced
color variation in Sorghum (Mizuno et al., 2014). TTG1 has
also been found to play a direct role in plant defense in dicots.
For example, in tobacco, TTG1 physically interacts with the
oomycete-specific effector ParA1 to activate plant immune
responses, such as ROS generation and programmed cell death
(Wang et al., 2009).
Combinatorial MYB-bHLH Interactions
TTG1 serves as a scaffold for the combinatorial interactions
between the MYB and bHLH constituent isoforms, which are
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essential for regulating the binding specificity and transcriptional
activity of the MBW complex. Both the MYB and bHLH
constituents can be sequestered by other bHLH and MYB
proteins, respectively, to form non-functional MYB-bHLH
complexes and thus disrupt the MBW complex (Burr et al.,
1996; Sawa, 2002; Esch et al., 2003; Kirik et al., 2004; Simon
et al., 2007; Tominaga et al., 2007; Dubos et al., 2008; Matsui
et al., 2008). In addition, the bHLH constituent can form
functional homo- or heterodimers with other bHLH proteins
through their hydrophobic helix-loop-helix regions and/or ACT
domains (Feller et al., 2006; Kong et al., 2012), whereas the MYB
constituent is functionally dependent on their its bHLH partners
(Lee and Schiefelbein, 1999; Zhang et al., 2003; Hernandez et al.,
2007).
The MYB constituent determines the transcriptional activity
of the complex (i.e., activating or repressing). There are
two repressor-type MYB subfamilies: R2R3-type MYBs from
subgroup 4 (e.g., Arabidopsis AtMYB4, petunia PhMYB27,
grapevine VvMYBC2-L1–3) and a single group of R3-type MYBs
(e.g., Arabidopsis CPC, TRY, ETC1, AtMYBL2). Members of both
subfamilies contain bHLH interaction motifs as well as one or
more repressor motifs, including the ethylene response factor
(ERF)-associated amphiphilic repressor (EAR) motif LNLxL
(Kranz et al., 1998; Jin et al., 2000; Cavallini et al., 2015).
Genetic and in vitro physical interaction studies in Arabidopsis,
petunia and grapevine suggest that MBW complexes may be able
to switch between activating and repressive modes through a
modular exchange of MYB components between activator- and
repressor-type MYB subfamilies (Jin et al., 2000; Zimmermann
et al., 2004; Albert et al., 2014; Cavallini et al., 2015). It remains to
be seen whether repressor-type MBW complexes exist in planta.
Evolutionary History of the
MYB-bHLH-TTG1 Complex
Not all MYB and bHLH subfamilies participate in MBW
complexes. To date, only bHLHs from subgroup IIIf and MYBs
containing the bHLH interaction motif [DE]Lx2[RK]x3Lx6Lx3R
(Zimmermann et al., 2004) have been shown to directly interact
with TTG1 and participate in MBW complexes (Payne et al.,
2000; Stracke et al., 2001; Heim et al., 2003; Zhang et al., 2003;
Baudry et al., 2004; Zimmermann et al., 2004). bHLHs from
subgroup IIIf are the best-studied bHLH proteins in plants and
function only in complex with R2R3-type MYBs from subgroups
4, 5, 6, and 15 as well as R3-type MYBs. Although the bHLH
interaction motif arose early in land plant evolution and is
conserved between angiosperms and gymnosperms (Figure 1B;
Bedon et al., 2007), the bHLHs from subgroup IIIf themselves
are evolutionarily older, arising before the origin of the mosses
approximately 400 million years ago (Carretero-Paulet et al.,
2010; Pires and Dolan, 2010). In contrast, TTG1 sequences
are present in angiosperms, but not in gymnosperms or more
ancient plant lineages (Figure 1B; Humphries et al., 2005;
Brueggemann et al., 2010; Ben-Simhon et al., 2011). This suggests
that the bHLHs from subgroup IIIf functioned as dimers in
transcriptional regulation long before the MBW complex, and
that ancestral MBW complexes may have originated as MYB-
bHLH dimers that then recruited the WDR-containing protein
TTG1 to aid in complex stability and/or subnuclear localization
(Zhao et al., 2008).
The role of MBW complexes in mediating the synthesis of
anthocyanins and proanthocyanidins appears to be conserved
in diverse species of flowering plants, including Arabidopsis
and related species, Medicago, strawberry, petunia and maize
(Figure 2B; Grotewold et al., 2000; Carey et al., 2004; Dressel and
Hemleben, 2009; Pang et al., 2009; Zhang et al., 2009; Schaart
et al., 2013; Albert et al., 2014; Chopra et al., 2014). For example,
maize uses the MBW complexes ZmC1/PL1-ZmR/B-ZmPAC1
to regulate the anthocyanin pathway (Goff et al., 1990; Tuerck
and Fromm, 1994; Selinger and Chandler, 1999; Walker et al.,
1999; Carey et al., 2004). In addition, Arabidopsis and other
dicots have evolved two different classes of MBW complexes
to separately regulate the anthocyanin and proanthocyanidin
pathways (Figure 2A). Arabidopsis MBW complexes PAP1/2/3-
EGL3/GL3/TT8-AtTTG1 activate anthocyanin biosynthesis
genes (e.g.,DFR; Figures 2A, 4; Walker et al., 1999; Borevitz et al.,
2000; Nesi et al., 2000, 2001; Zhang et al., 2003; Zimmermann
et al., 2004; Teng et al., 2005; Gonzalez et al., 2008); whereas,
MBW complexes AtMYB5/TT2-GL3/EGL3/TT8-AtTTG1
activate genes specific for proanthocyanidin biosynthesis (e.g.,
BAN/ANR; Figures 2A, 4). Both classes of MBW complexes
share the same bHLH and WDR constituents, leaving their MYB
constituents to determine the promoter target activation and
pathway specificity of the MBW complex. In addition, the MYB
constituents AtMYB5/TT2 from subgroup 5 and PAP1-3 from
subgroup 6 are closely related. They are in fact so close that the
sequence variation at the R/G39 motif in their R2 motifs and
at the A/SNDV or DNEI90–93 motif in their R3 motifs (also
known as the A2 box; Cavallini et al., 2015) has been shown
to be sufficient to confer pathway specificity (Heppel et al.,
2013). The same A2 box also confers pathway specificity for the
repressor-type MYBs (Cavallini et al., 2015).
CONCLUSION
Plants are the basis for human nutrition and a renewable source
for fuel and chemical feedstocks. Diminishing food security
from plant disease/pests, climate instability and population
growth, concomitant with rising energy costs and dwindling
petrochemical-based fossil fuel supplies, have placed high
demands on the productivity of food crops and other crops of
economic importance (Krattiger, 1997; Lobell et al., 2011; Lobell
and Gourdji, 2012; UN-DESA, 2013). Because WDR-containing
trimeric complexes are at the heart of immune signaling and
transcriptional regulation of chemical defenses, continued basic
and translational research on these complexes in plant immunity
will certainly improve agriculture and food security as well as our
understanding of fundamental processes of signal transduction
and gene regulation.
Plant Gβ sequences are ubiquitous across all five eukaryotic
supergroups, with only a handful of species having more than
two Gβ sequences (Figure 1B). Its signaling mechanism
has evolved very slowly and yet pervasively so that it
cannot be easily extricated from multiple immune signaling
pathways (Figure 1A). In contrast, TTG1 is plant-specific
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and arose after the functional dimerization of its MYB-bHLH
partners (Figure 2A). Evolution has added several layers
of specialization to its regulatory mechanism, including
multiple partially redundant bHLH and MYB partners,
regulatory loops, and repressor-type MYBs to fine-tune
the activation of its target pathways (Figure 2B). While its
regulatory mechanism has evolved more quickly, TTG1
and its complex are more dispensable and limited in reach,
affecting only a handful of pathways in the most evolved plants
(Figure 2B).
Despite differences in evolutionary history, mechanism and
target pathways, the plant Gβ and TTG1 proteins represent the
apex of the hierarchy of network interactions in their respective
pathways (Figures 1A, 2A), and are the sole constituents of
their respective complexes to preside over all signaling and
regulatory pathways in plant immunity that are mediated by
WDR-containing ternary complexes. While there are still many
open questions concerning the dynamics of these complexes and
the specificity of their interactions with other protein partners
and their downstream effectors or target DNA sequences, the
large and still-growing body of research on these proteins and
their complexes underscores the importance of these signaling
and regulatory complexes.
AUTHOR CONTRIBUTIONS
JM wrote GB section. WC wrote TTG1 section. NC wrote
introduction and edited manuscript. All three wrote conclusion.
ACKNOWLEDGMENTS
This work was supported by the National Institutes of Health
under award numbers T32 GM007223 to JM and T32 GM007499
to WC.
REFERENCES
Adams, D. R., Ron, D., and Kiely, P. A. (2011). RACK1, A multifaceted scaffolding
protein: structure and function. Cell Commun. Signal. 9, 22. doi: 10.1186/1478-
811X-9-22
Adams-Phillips, L., Briggs, A. G., and Bent, A. F. (2010). Disruption of poly(ADP-
ribosyl)ation mechanisms alters responses of Arabidopsis to biotic stress. Plant
Physiol. 152, 267–280. doi: 10.1104/pp.109.148049
Albert, N. W., Davies, K. M., Lewis, D. H., Zhang, H., Montefiori, M., Brendolise,
C., et al. (2014). A conserved network of transcriptional activators and
repressors regulates anthocyanin pigmentation in eudicots. Plant Cell 26,
962–980. doi: 10.1105/tpc.113.122069
Aranda-Sicilia, M. N., Trusov, Y., Maruta, N., Chakravorty, D., Zhang, Y.,
and Botella, J. R. (2015). Heterotrimeric G proteins interact with defense-
related receptor-like kinases in Arabidopsis. J. Plant Physiol. 188, 44–48. doi:
10.1016/j.jplph.2015.09.005
Bakker, P. A., Pieterse, C. M., and van Loon, L. C. (2007). Induced systemic
resistance by fluorescent Pseudomonas spp. Phytopathology 97, 239–243. doi:
10.1094/PHYTO-97-2-0239
Baudry, A., Caboche, M., and Lepiniec, L. (2006). TT8 controls its own
expression in a feedback regulation involving TTG1 and homologous MYB
and bHLH factors, allowing a strong and cell-specific accumulation of
flavonoids in Arabidopsis thaliana. Plant J. 46, 768–779. doi: 10.1111/j.1365-
313X.2006.02733.x
Baudry, A., Heim, M. A., Dubreucq, B., Caboche, M., Weisshaar, B., and Lepiniec,
L. (2004). TT2, TT8, and TTG1 synergistically specify the expression of
BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana. Plant
J. 39, 366–380. doi: 10.1111/j.1365-313X.2004.02138.x
Bedon, F., Grima-Pettenati, J., and Mackay, J. (2007). Conifer R2R3-MYB
transcription factors: sequence analyses and gene expression in wood-forming
tissues of white spruce (Picea glauca). BMC Plant Biol. 7:17. doi: 10.1186/1471-
2229-7-17
Ben-Simhon, Z., Judeinstein, S., Nadler-Hassar, T., Trainin, T., Bar-Ya’akov, I.,
Borochov-Neori, H., et al. (2011). A pomegranate (Punica granatum L.)
WD40-repeat gene is a functional homologue of Arabidopsis TTG1 and is
involved in the regulation of anthocyanin biosynthesis during pomegranate
fruit development. Planta 234, 865–881. doi: 10.1007/s00425-011-1438-4
Bhardwaj, D., Sheikh, A. H., Sinha, A. K., and Tuteja, N. (2011). Stress induced
β subunit of heterotrimeric G-proteins from Pisum sativum interacts with
mitogen activated protein kinase. Plant Signal. Behav. 6, 287–292. doi:
10.4161/psb.6.2.14971
Bommert, P., Je, B. II, Goldshmidt, A., and Jackson, D. (2013). The maize Gα
gene COMPACT PLANT2 functions in CLAVATA signalling to control shoot
meristem size. Nature 502, 555–558. doi: 10.1038/nature12583
Borevitz, J. O., Xia, Y., Blount, J., Dixon, R. A., and Lamb, C. (2000). Activation
tagging identifies a conservedMYB regulator of phenylpropanoid biosynthesis.
Plant Cell 12, 2383–2394. doi: 10.1105/tpc.12.12.2383
Bradford, W., Buckholz, A., Morton, J., Price, C., Jones, A. M., and Urano,
D. (2013). Eukaryotic G protein signaling evolved to require G protein-
coupled receptors for activation. Sci. Signal. 6, ra37. doi: 10.1126/scisignal.20
03768
Brueggemann, J., Weisshaar, B., and Sagasser, M. (2010). A WD40-repeat
gene from Malus × domestica is a functional homologue of Arabidopsis
thaliana TRANSPARENT TESTA GLABRA1. Plant Cell Rep. 29, 285–294. doi:
10.1007/s00299-010-0821-0
Burki, F. (2014). The eukaryotic tree of life from a global phylogenomic
perspective. Cold Spring Harb. Perspect. Biol. 6, a016147. doi:
10.1101/cshperspect.a016147
Burr, F. A., Burr, B., Scheffer, B. E., Blewitt, M., Wienand, U., and Matz, E. C.
(1996). The maize repressor-like gene intensifier1 shares homology with the
r1/b1 multigene family of transcription factors and exhibits missplicing. Plant
Cell 8, 1249–1259. doi: 10.1105/tpc.8.8.1249
Carey, C. C., Strahle, J. T., Selinger, D. A., and Chandler, V. L. (2004). Mutations in
the pale aleurone color1 regulatory gene of the Zea mays anthocyanin pathway
have distinct phenotypes relative to the functionally similar TRANSPARENT
TESTA GLABRA1 gene in Arabidopsis thaliana. Plant Cell 16, 450–464. doi:
10.1105/tpc.018796
Carr, A., and Biggin, M. D. (1999). A comparison of in vivo and in vitro DNA-
binding specificities suggests a new model for homeoprotein DNA binding in
Drosophila embryos. EMBO J. 18, 1598–1608. doi: 10.1093/emboj/18.6.1598
Carretero-Paulet, L., Galstyan, A., Roig-Villanova, I., Martinez-Garcia, J. F.,
Bilbao-Castro, J. R., and Robertson, D. L. (2010). Genome-wide classification
and evolutionary analysis of the bHLH family of transcription factors in
Arabidopsis, poplar, rice, moss, and algae. Plant Physiol. 153, 1398–1412. doi:
10.1104/pp.110.153593
Cavallini, E., Matus, J. T., Finezzo, L., Zenoni, S., Loyola, R., Guzzo, F., et al. (2015).
The phenylpropanoid pathway is controlled at different branches by a set of
R2R3-MYB C2 repressors in grapevine. Plant Physiol. 167, 1448–1470. doi:
10.1104/pp.114.256172
Chakravorty, D., Gookin, T. E., Milner, M. J., Yu, Y., and Assmann, S.
(2015). Extra-large G proteins (XLGs) expand repertoire of subunits in
Arabidopsis heterotrimeric G protein signaling. Plant Physiol. 169, 512–529.
doi: 10.1104/pp.15.00251
Chakravorty, D., Trusov, Y., Zhang, W., Acharya, B. R., Sheahan, M. B.,
McCurdy, D. W., et al. (2011). An atypical heterotrimeric G-protein γ-
subunit is involved in guard cell K+-channel regulation and morphological
development in Arabidopsis thaliana. Plant J. 67, 840–851. doi: 10.1111/j.1365-
313X.2011.04638.x
Frontiers in Plant Science | www.frontiersin.org 11 January 2016 | Volume 6 | Article 1108
Miller et al. Plant Gαβγ and MYB-bHLH-TTG1 Complexes
Cheng, Z., Li, J.-F., Niu, Y., Zhang, X.-C., Woody, O. Z., Xiong, Y., et al. (2015).
Pathogen-secreted proteases activate a novel immune pathway. Nature 521,
213–216. doi: 10.1038/nature14243
Chopra, D., Wolff, H., Span, J., Schellmann, S., Coupland, G., Albani, M. C.,
Schrader, A., et al. (2014). Analysis of TTG1 function in Arabis alpina. BMC
Plant Biol. 14:16. doi: 10.1186/1471-2229-14-16
Consonni, C., Humphry, M. E., Hartmann, H. A., Livaja, M., Durner, J., and
Westphal, L. (2006). Conserved requirement for a plant host cell protein in
powdery mildew pathogenesis. Nat. Genet. 38, 716–720. doi: 10.1038/ng1806
Coyle, S. M., Gilbert, W. V., and Doudna, J. A. (2009). Direct link between RACK1
function and localization at the ribosome in vivo.Mol. Cell Biol. 29, 1626–1634.
doi: 10.1128/MCB.01718-08
de Mendoza, A., Sebé-Pedrós, A., and Ruiz-Trillo, I. (2014). The evolution of
the GPCR signaling system in eukaryotes: modularity, conservation, and the
transition to metazoan multicellularity. Genome Biol. Evol. 6, 606–619. doi:
10.1093/gbe/evu038
Delgado-Cerezo, M., Sánchez-Rodríguez, C., Escudero, V., Miedes, E., Fernández,
P. V., Jordá, L., et al. (2012). Arabidopsis heterotrimeric G-protein regulates cell
wall defense and resistance to necrotrophic fungi. Mol. Plant 5, 98–114. doi:
10.1093/mp/ssr082
Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F., et al. (2008).
Phylogeny.fr: robust phylogenetic analysis for the non-specialist. Nucleic Acids
Res. 1, W465–W469. doi: 10.1093/nar/gkn180
Devoto, A., Hartmann, H. A., Piffanelli, P., Elliott, C., Simmons, C., Taramino, G.,
et al. (2003). Molecular phylogeny and evolution of the plant-specific seven-
transmembrane MLO family. J. Mol. Evol. 56, 77–88. doi: 10.1007/s00239-002-
2382-5
Ding, L., Pandey, S., and Assmann, S. M. (2008). Arabidopsis etra-large G proteins
(XLGs) regulate root morphogenesis. Plant J. 53, 248–263. doi: 10.1111/j.1365-
313X.2007.03335.x
Dixon, R. A. (2001). Natural products and plant disease resistance. Nature 411,
843–847. doi: 10.1038/35081178
Dressel, A., and Hemleben, V. (2009). Transparent Testa Glabra 1 (TTG1)
and TTG1-like genes in Matthiola incana R. Br. and related Brassicaceae
and mutation in the WD-40 motif. Plant Biol. (Stuttg) 11, 204–212. doi:
10.1111/j.1438-8677.2008.00099.x
Dubos, C., Le Gourrierec, J., Baudry, A., Huep, G., Lanet, E., Debeaujon, I., et al.
(2008). MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis
thaliana. Plant J. 55, 940–953. doi: 10.1111/j.1365-313X.2008.03564.x
Dubos, C., Stracke, R., Grotewold, E., Weisshaar, B., Martin, C., and Lepiniec, L.
(2010). MYB transcription factors inArabidopsis. Trends Plant Sci. 15, 573–581.
doi: 10.1016/j.tplants.2010.06.005
Esch, J. J., Chen, M., Sanders, M., Hillestad, M., Ndkium, S., Idelkope,
B., et al. (2003). A contradictory GLABRA3 allele helps define gene
interactions controlling trichome development in Arabidopsis. Development
130, 5885–5894. doi: 10.1242/dev.00812
Feller, A., Hernandez, J. M., and Grotewold, E. (2006). An ACT-like
domain participates in the dimerization of several plant basic-helix-
loop-helix transcription factors. J. Biol. Chem. 39, 28964–28974. doi:
10.1074/jbc.M603262200
Fornalé, S., Shi, X., Chai, C., Encina, A., Irar, S., Capellades, M., et al.
(2010). ZmMYB31 directly represses maize lignin genes and redirects the
phenylpropanoid metabolic flux. Plant J. 64, 633–644. doi: 10.1111/j.1365-
313X.2010.04363.x
Fornalé, S., Lopez, E., Salazar-Henao, J. E., Fernandez-Nohales, P., Rigau, J.,
and Caparros-Ruiz, D. (2014). AtMYB7, a new player in the regulation of
UV-sunscreens in Arabidopsis thaliana. Plant Cell Physiol. 55, 507–516. doi:
10.1093/pcp/pct187
Friedman, E. J., Temple, B. R. S., Hicks, S. N., Sondek, J., Jones, C. D., and
Jones, A. M. (2009). Prediction of protein–protein interfaces on G-protein β
subunits reveals a novel phospholipase C β2 binding domain. J. Mol. Biol. 392,
1044–1054. doi: 10.1016/j.jmb.2009.07.076
Fritz-Laylin, L. K., Krishnamurthy, N., Tör, M., Sjölander, K. V., and Jones, J.
D. G. (2005). Phylogenomic analysis of the receptor-like proteins of rice and
Arabidopsis. Plant Physiol. 138, 611–623. doi: 10.1104/pp.104.054452
Goff, S. A., Klein, T. M., Roth, B. A., Fromm, M. E., Cone, K. C., Radicella, J.
P., et al. (1990). Transactivation of anthocyanin biosynthetic genes following
transfer of B regulatory genes into maize tissues. EMBO J. 9, 2517–2522.
Gonzalez, A., Zhao, M., Leavitt, J. M., and Lloyd, A. M. (2008). Regulation of the
anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional
complex in Arabidopsis seedlings. Plant J. 53, 814–827. doi: 10.1111/j.1365-
313X.2007.03373.x
Grotewold, E., Drummond, B. J., Bowen, B., and Peterson, T. (1994). The myb-
homologous P gene controls phlobaphene pigmentation in maize floral organs
by directly activating a flavonoid biosynthetic gene subset. Cell 76, 543–553.
doi: 10.1016/0092-8674(94)90117-1
Grotewold, E., Sainz, M. B., Tagliani, L., Hernandez, J. M., Bowen, B., and
Chandler, V. L. (2000). Identification of the residues in the Myb domain of
maize C1 that specify the interaction with the bHLH cofactor R. Proc. Natl.
Acad. Sci. U.S.A. 97, 13579–13584. doi: 10.1073/pnas.250379897
Hackenberg, D., Sakayama, H., Nishiyama, T., and Pandey, S. (2013).
Characterization of the heterotrimeric G-protein complex and its regulator
from the green alga Chara braunii expands the evolutionary breadth of plant
G-protein signaling. Plant Physiol. 163, 1510–1517. doi: 10.1104/pp.113.230425
Heim, M. A., Jakoby, M., Werber, M., Martin, C., Weisshaar, B., and Bailey, P.
C. (2003). The basic helix-loop-helix transcription factor family in plants: a
genome-wide study of protein structure and functional diversity. Mol. Biol.
Evol. 20, 735–747. doi: 10.1093/molbev/msg088
Heo, J. B., Sung, S., and Assmann, S. M. (2012). Ca2+-dependent GTPase,
Extra-large G protein 2 (XLG2), promotes activation of DNA-binding protein
Related to Vernalization 1 (RTV1), leading to activation of floral integrator
genes and early flowering in Arabidopsis. J. Biol. Chem. 287, 8242–8253. doi:
10.1074/jbc.M111.317412
Heppel, S. C., Jaffe, F. W., Takos, A. M., Schellmann, S., Rausch, T., Walker, A.
R., et al. (2013). Identification of key amino acids for the evolution of promoter
target specificity of anthocyanin and proanthocyanidin regulatingMYB factors.
Plant Mol. Biol. 82, 457–471. doi: 10.1007/s11103-013-0074-8
Hernandez, J. M., Feller, A., Morohashi, K., Frame, K., and Grotewold, E. (2007).
The basic helix loop helix domain of maize R links transcriptional regulation
and histonemodifications by recruitment of an EMSY-related factor. Proc. Natl.
Acad. Sci. U.S.A. 104, 17222–17227. doi: 10.1073/pnas.0705629104
Hillenbrand, M., Schori, C., Schöppe, J., and Plückthun, A. (2015). Comprehensive
analysis of heterotrimeric G-protein complex diversity and their interactions
with GPCRs in solution. Proc. Natl. Acad. Sci. U.S.A. 112, E1181–E1190. doi:
10.1073/pnas.1417573112
Hipskind, J. D., Goldsbrough, P. B., Urmeev, F., and Nicholson, R. L. (1996).
Synthesis of 3-deoxyanthocyanidin phytoalexins in Sorghum does not occur
via the same pathway as 3-hydroxylated anthocyanidins and phlobaphenes.
Maydica 41, 155–166.
Humphries, J. A., Walker, A. R., Timmis, J. N., and Orford, S. J. (2005). Two WD-
repeat genes from cotton are functional homologues of theArabidopsis thaliana
TRANSPARENT TESTA GLABRA1 (TTG1) gene. Plant Mol. Biol. 57, 67–81.
doi: 10.1007/s11103-004-6768-1
Humphry,M., Consonni, C., and Panstruga, R. (2006). mlo-based powderymildew
immunity: silver bullet or simply non-host resistance? Mol. Plant Pathol. 7,
605–610. doi: 10.1111/j.1364-3703.2006.00362.x
Ibraheem, F., Gaffoor, I., and Chopra, S. (2010). Flavonoid phytoalexin-dependent
resistance to anthracnose leaf blight requires a functional yellow seed1 in
Sorghum bicolor. Genetics 184, 915–926. doi: 10.1534/genetics.109.111831
Ibraheem, F., Gaffoor, I., Tan, Q., Shyu, C. R., and Chopra, S. (2015).
A Sorghum MYB transcription factor induces 3-deoxyanthocyanidins and
enhances resistance against leaf blights in maize.Molecules 20, 2388–2404. doi:
10.3390/molecules20022388
Im, M. J., Holzhöfer, A., Böttinger, H., Pfeuffer, T., and Helmreich, E. J. (1988).
Interactions of pure βγ-subunits of G-proteins with purified β1-adrenoceptor.
FEBS Lett. 227, 225–229. doi: 10.1016/0014-5793(88)80903-7
Ishida, T., Tabata, R., Yamada, M., Aida, M., Mitsumasu, K., Fujiwara, M.,
et al. (2014). Heterotrimeric G proteins control stem cell proliferation
through CLAVATA signaling in Arabidopsis. EMBO Rep. 15, 1202–1209. doi:
10.15252/embr.201438660
Ishikawa, A. (2009). The Arabidopsis G-protein β-subunit is required for defense
response against Agrobacterium tumefaciens. Biosci. Biotechnol. Biochem. 73,
47–52. doi: 10.1271/bbb.80449
Janda, L., Tichy, P., Spízek, J., and Petrícek, M. (1996). A deduced
Thermomonospora curvata protein containing serine/threonine protein
kinase and WD-repeat domains. J. Bacteriol. 178, 1487–1489.
Frontiers in Plant Science | www.frontiersin.org 12 January 2016 | Volume 6 | Article 1108
Miller et al. Plant Gαβγ and MYB-bHLH-TTG1 Complexes
Jin, H., Cominelli, E., Bailey, P., Parr, A., Mehrtens, J. J., Tonelli, C., Weisshaar,
B., et al. (2000). Transcriptional repression by AtMYB4 controls production
of UV-protecting sunscreens in Arabidopsis. EMBO J. 19, 6150–6161. doi:
10.1093/emboj/19.22.6150
Jones, J. C., Duffy, J. W., Machius, M., Temples, B. R. S., Dohlman, H. G., and
Jones, A. M. (2011a). The crystal structure of a self-activating G protein α
subunit reveals its distinct mechanism of signal initiation. Sci. Signal. 4, ra8.
doi: 10.1126/scisignal.2001446
Jones, J. C., Temple, B. R., Jones, A. M., and Dohlman, H. G. (2011b). Functional
reconstitution of an atypical G protein heterotrimer and regulator of G
protein signaling protein (RGS1) from Arabidopsis thaliana. J. Biol. Chem. 286,
13143–13150. doi: 10.1074/jbc.M110.190355
Jones, J. D. G., and Dangl, J. L. (2006). The plant immune system. Nature 444,
323–329. doi: 10.1038/nature05286
Keeling, P. J., Burger, G., Durnford, D. G., Lang, B. F., Lee, R. W., Pearlman, R.
E., et al. (2005). The tree of eukaryotes. Trends Ecol. Evol. 20, 670–676. doi:
10.1016/j.tree.2005.09.005
Kelley, L. A., and Sternberg, M. J. E. (2009). Protein structure prediction on
the Web: a case study using the Phyre server. Nat. Protoc. 4, 363–371. doi:
10.1038/nprot.2009.2
Kirik, V., Simon, M., Wester, K., Schiefelbein, J., and Hülskamp, M. (2004).
ENHANCER of TRY and CPC 2 (ETC2) reveals redundancy in the region-
specific control of trichome development of Arabidopsis. Plant Mol. Biol. 55,
389–398. doi: 10.1007/s11103-004-0893-8
Kisselev, O., and Gautam, N. (1993). Specific interaction with rhodopsin is
dependent on the γ subunit type in a G protein. J. Biol. Chem. 268,
24519–22422.
Kliebenstein, D. J. (2013). Making new molecules—evolution of structures
for novel metabolites in plants. Curr. Opin. Plant Biol. 16, 112–117. doi:
10.1016/j.pbi.2012.12.004
Kliebenstein, D. J., and Osbourn, A. (2012). Making new molecules—evolution of
pathways for novel metabolites in plants. Curr. Opin. Plant Biol. 15, 415–423.
doi: 10.1016/j.pbi.2012.05.005
Kombrink, E., and Hahlbrock, K. (1990). Rapid, systemic repression of the
synthesis of ribulose 1,5-bisphosphate carboxylase small-subunit mRNA in
fungus-infected or elicitor-treated potato leaves. Planta 181, 216–219. doi:
10.1007/BF02411541
Kong, Q., Pattanaik, S., Feller, A., Werkman, J. R., Chai, C., Wang, Y., et al.
(2012). Regulatory switch enforced by basic helix-loop-helix and ACT-domain
mediated dimerizations of the maize transcription factor R. Proc. Natl. Acad.
Sci. 109, E2091–E2097. doi: 10.1073/pnas.1205513109
Kottb, M., Gigolashvili, T., Großkinsky, D. K., and Piechulla, B. (2015).
Trichoderma volatiles effecting Arabidopsis: from inhibition to
protection against phytopathogenic fungi. Front. Microbiol. 6:995. doi:
10.3389/fmicb.2015.00995
Kranz, H. D., Denekamp, M., Greco, R., Jin, H., Leyva, A., Meissner, R. C.,
et al. (1998). Towards functional characterisation of the members of the
R2R3-MYB gene family from Arabidopsis thaliana. Plant J. 16, 263–276. doi:
10.1046/j.1365-313x.1998.00278.x
Krattiger, A. F. (1997). Insect Resistance in Crops: A Case Study of Bacillus
thuringiensis (Bt) and its Transfer to Developing Countries. Ithaca, NY: ISAAA
Briefs.
Krishnan, A., Mustafa, A., Almén, M. S., Fredriksson, R., Williams, M.
J., and Schiöth, H. B. (2015). Evolutionary hierarchy of vertebrate-like
heterotrimeric G protein families. Mol. Phylogenet. Evol. 91, 27–40. doi:
10.1016/j.ympev.2015.05.009
Lambright, D. G., Sondek, J., Bohm, A., Skiba, N. P., Hamm, H. E., and Sigler, P.
B. (1996). The 2.0 A crystal structure of a heterotrimeric G protein. Nature 379,
311–319. doi: 10.1038/379311a0
Lan, W., Lu, F., Regner, M., Zhu, Y., Rencoret, J., Ralph, S. A., and et al. (2015).
Tricin, a flavonoid monomer in monocot lignification. Plant Physiol. 167,
1284–1295. doi: 10.1104/pp.114.253757
Lappin, T. R., Grier, D. G., Thompson, A., and Halliday, H. L. (2006).
HOX genes: seductive science, mysterious mechanisms. Ulster Med. J. 75,
23–31.
Lee, M. M., and Schiefelbein, J. (1999). WEREWOLF, a MYB-related protein in
Arabidopsis, is a position-dependent regulator of epidermal cell patterning. Cell
99, 473–483. doi: 10.1016/S0092-8674(00)81536-6
Lee, S., Rojas, C. M., Ishiga, Y., Pandey, S., and Mysore, K. S. (2013).
Arabidopsis heterotrimeric G-proteins play a critical role in host and nonhost
resistance against Pseudomonas syringae pathogens. PLoS ONE 8:e82445. doi:
10.1371/journal.pone.0082445
Lee, Y. R., and Assmann, S. M. (1999). Arabidopsis thaliana ‘extra-large GTP-
binding protein’ (AtXLG1): a new class of G-protein. Plant Mol. Biol. 40, 55–64.
doi: 10.1023/A:1026483823176
Letunic, I., Doerks, T., and Bork, P. (2014). SMART: recent updates, new
developments and status in 2015. Nucleic Acids Res. 43, D257–D260. doi:
10.1093/nar/gku949
Li, L., Wright, S. J., Krystofova, S., Park, G., and Borkovich, K. A. (2007).
Heterotrimeric G protein signaling in filamentous fungi. Annu. Rev. Microbiol.
61, 423–452. doi: 10.1146/annurev.micro.61.080706.093432
Liu, J., Ding, P., Sun, T., Nitta, Y., Dong, O., Huang, X., et al. (2013).
Heterotrimeric G proteins serve as a converging point in plant defense signaling
activated by multiple receptor-like kinases. Plant Physiol. 161, 2146–2158. doi:
10.1104/pp.112.212431
Llorente, F., Alonso-Blanco, C., Sánchez-Rodriguez, C., Jorda, L., and Molina,
A. (2005). ERECTA receptor-like kinase and heterotrimeric G protein
from Arabidopsis are required for resistance to the necrotrophic fungus
Plectosphaerella cucumerina. Plant J. 43, 165–180. doi: 10.1111/j.1365-
313X.2005.02440.x
Lo, S. C., De Verdier, K., and Nicholson, R. L. (1999). Accumulation
of 3-deoxyanthocyanidin phytoalexins and resistance to Colletotrichum
sublineolum in Sorghum bicolor. Physiol. Mol. Plant Path. 61, 179–188. doi:
10.1006/pmpp.2002.0428
Lo, S. C., and Nicholson, R. L. (1998). Reduction of light-induced anthocyanin
accumulation in inoculated Sorghum mesocotyls. Plant Physiol. 116, 979–989.
doi: 10.1104/pp.116.3.979
Lobell, D. B., and Gourdji, S. M. (2012). The influence of climate change on global
crop productivity. Plant Physiol. 160, 1686–1697. doi: 10.1104/pp.112.208298
Lobell, D. B., Schlenker, W., and Costa-Roberts, J. (2011). Climate trends
and global crop production since 1980. Science 333, 616–620. doi:
10.1126/science.1204531
López-Bergami, P., Habelhah, H., Bhoumik, A., Zhang, W., Wang, L. H., and
Ronai, Z. (2005). Receptor for RACK1 mediates activation of JNK by protein
kinase C.Mol. Cell 19, 309–320. doi: 10.1016/j.molcel.2005.06.025
Lorek, J., Griebel, T., Jones, A. M., Kuhn, H., and Panstruga, R. (2013). The
role of Arabidopsis heterotrimeric G-protein subunits in MLO2 function and
MAMP-triggered immunity. Mol. Plant Microbe Interact. 26, 991–1003. doi:
10.1094/MPMI-03-13-0077-R
Ma, H., Yanofsky, M. F., and Meyerowitz, E. M. (1990). Molecular cloning
and characterization of GPA1, a G protein α subunit gene from
Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 87, 3821–3825. doi:
10.1073/pnas.87.10.3821
Maeda, K., Houjyou, Y., Komatsu, T., Hori, H., Kodaira, T., and Ishikawa, A.
(2009). AGB1 and PMR5 contribute to PEN2-mediated preinvasion resistance
toMagnaporthe oryzae in Arabidopsis thaliana.Mol. Plant Microbe Interact. 22,
1331–1340. doi: 10.1094/MPMI-22-11-1331
Maruta, N., Trusov, Y., Brenya, E., Parekh, U., and Botella, J. R. (2015). Membrane-
localized extra-large G proteins and Gβγ of the heterotrimeric G proteins form
functional complexes engaged in plant immunity in Arabidopsis. Plant Physiol.
167, 1004–1016. doi: 10.1104/pp.114.255703
Mason, M. G., and Botella, J. R. (2000). Completing the heterotrimer: isolation and
characterization of an Arabidopsis thaliana G protein γ-subunit cDNA. Proc.
Natl. Acad. Sci. U.S.A. 97, 1478–1488. doi: 10.1073/pnas.97.26.14784
Mason, M. G., and Botella, J. R. (2001). Isolation of a novel G-protein γ-subunit
from Arabidopsis thaliana and its interaction with Gβ. Biophys. Acta 1520,
147–153. doi: 10.1016/s0167-4781(01)00262-7
Mathys, J., De Cremer, K., Timmermans, P., Van Kerckhove, S., Lievens, B.,
Vanhaecke, M., et al. (2012). Genome-Wide Characterization of ISR induced
in Arabidopsis thaliana by Trichoderma hamatum T382 against Botrytis cinerea
infection. Front. Plant Sci. 3:108. doi: 10.3389/fpls.2012.00108
Matsui, K., Umemura, Y., and Ohme-Takagi, M. (2008). AtMYBL2, a protein with
a single MYB domain, acts as a negative regulator of anthocyanin biosynthesis
in Arabidopsis. Plant J. 55, 954–967. doi: 10.1111/j.1365-313X.2008.03565.x
Meziane, H., Van der Sluis, I., van Loon, L. C., Hofte, M., and Bakker, P. A.
(2005). Determinants of Pseudomonas putida WCS358 involved in inducing
Frontiers in Plant Science | www.frontiersin.org 13 January 2016 | Volume 6 | Article 1108
Miller et al. Plant Gαβγ and MYB-bHLH-TTG1 Complexes
systemic resistance in plants.Mol. Plant Pathol. 6, 177–185. doi: 10.1111/j.1364-
3703.2005.00276.x
Mizuno, H., Yazawa, T., Kasuga, S., Sawada, Y., Ogata, J., Ando, T., et al. (2014).
Expression level of a flavonoid 3′-hydroxylase gene determines pathogen-
induced color variation in Sorghum. BMC Res. Notes 7:761. doi: 10.1186/1756-
0500-7-761
Morohashi, K., Casas, M. I., Ferreyra, M. L. F., Mejía-Guerra, M. K., Pourcel,
L., Yilmaz, A., et al. (2012). A genome-wide regulatory framework identifies
maize pericarp color1 controlled genes. Plant Cell 24, 2745–2764. doi:
10.1105/tpc.112.098004
Morohashi, K., Zhao, M., Yang, M., Read, B., Lloyd, A., Lamb, R., et al.
(2007). Participation of the Arabidopsis bHLH factor GL3 in trichome
initiation regulatory events. Plant Physiol. 145, 736–746. doi: 10.1104/pp.107.
104521
Nicholson, R. L., Kollipara, S. S., Vincent, J. R., Lyons, P. C., and Cadena-Gomez,
G. (1987). Phytoalexin synthesis by the Sorghum mesocotyl in response to
infection by pathogenic and nonpathogenic fungi. Proc. Natl. Acad. Sci. U.S.A.
84, 5520–5524. doi: 10.1073/pnas.84.16.5520
Nesi, N., Debeaujon, I., Jond, C., Pelletier, G., Caboche, M., and Lepiniec, L.
(2000). The TT8 gene encodes a basic helix-loop-helix domain protein required
for expression of DFR and BAN genes in Arabidopsis siliques. Plant Cell 12,
1863–1870. doi: 10.1105/tpc.12.10.1863
Nesi, N., Jond, C., Debeaujon, I., Caboche, M., and Lepiniec, L. (2001). The
Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key
determinant for proanthocyanidin accumulation in developing seed. Plant Cell
13, 2099–2114. doi: 10.1105/tpc.13.9.2099
Oldham, W. M., and Hamm, H. E. (2008). Heterotrimeric G protein activation
by G-protein-coupled receptors. Nat. Rev. Mol. Cell Biol. 9, 60–71. doi:
10.1038/nrm2299
Ouyang, Y., Huang, X., Lu, Z., and Yao, J. (2012). Genomic survey, expression
profile and co-expression network analysis of OsWD40 family in rice. BMC
Genomics 13:100. doi: 10.1186/1471-2164-13-100
Pandey, S., and Assmann, S. M. (2004). The Arabidopsis putative G protein-
coupled receptor GCR1 interacts with the G protein α subunit GPA1
and regulates abscisic acid signalling. Plant Cell 16, 1616–1632. doi:
10.1105/tpc.020321
Pandey, S., Nelson, D. C., and Assmann, S. M. (2009). Two novel GPCR-type
G proteins are abscisic acid receptors in Arabidopsis. Cell 136, 136–148. doi:
10.1016/j.cell.2008.12.026
Pang, Y., Wenger, J. P., Saathoff, K., Peel, G. J., Wen, J., Huhman, D., et al.
(2009). A WD40 repeat protein from Medicago truncatula is necessary for
tissue-specific anthocyanin and proanthocyanidin biosynthesis but not for
trichome development. Plant Physiol. 151, 1114–1129. doi: 10.1104/pp.109.
144022
Payne, C. T., Zhang, F., and Lloyd, A. M. (2000). GL3 encodes a bHLH protein that
regulates trichome development in Arabidopsis through interaction with GL1
and TTG1. Genetics 156, 1349–1362.
Perfus-Barbeoch, L., Jones, A. M., and Assmann, S. M. (2004). Plant heterotrimeric
G protein function: insights from Arabidopsis and rice mutants. Curr. Opin.
Plant Biol. 7, 719–731. doi: 10.1016/j.pbi.2004.09.013
Pezet, R., Pont, V., and Hoang-Van, K. (1992). “Enzymatic detoxification of
stilbenes by Botrytis cinerea and inhibition by grape berries proanthocyanidins,”
in Recent Advances in Botrytis Research, eds K. Verhoeff, N. E.
Malathrakis, and B. Williamson (Wageningen: Pudoc Scientific Publishers),
87–92.
Pires, N., and Dolan, L. (2010). Origin and diversification of basic-helix-loop-
helix proteins in plants. Mol. Biol. Evol. 27, 862–874. doi: 10.1093/molbev/
msp288
Preston, J.,Wheeler, J., Heazlewood, J., Li, S. F., and Parish, R.W. (2004). AtMYB32
is required for normal pollen development in Arabidopsis thaliana. Plant J. 40,
979–995. doi: 10.1111/j.1365-313X.2004.02280.x
Prouse, M. B., and Campbell, M. M. (2013). Interactions between the R2R3-
MYB transcription factor, AtMYB61, and target DNA binding sites. PLoS ONE
8:e65132. doi: 10.1371/journal.pone.0065132
Rabinovich, A., Jin, V. X., Rabinovich, R., Xu, X., and Farnham, P. J.
(2008). E2F in vivo binding specificity: comparison of consensus versus
non-consensus binding sites. Genome Res. 18, 527–544. doi: 10.1101/gr.
080622.108
Rabl, J., Leibundgut, M., Ataide, S. F., Haag, A., and Ban, N. (2011). Crystal
structure of the eukaryotic 40S ribosomal subunit in complex with initiation
factor 1. Science 331, 730–736. doi: 10.1126/science.1198308
Romero, I., Fuertes, A., Benito, M., Malpica, J. M., Leyva, A., and Paz-Ares, J.
(1998). More than 80R2R3-MYB regulatory genes in the genome ofArabidopsis
thaliana. Plant J. 14, 273–284. doi: 10.1046/j.1365-313X.1998.00113.x
Ron, D., Chen, C. H., Caldwell, J., Jamieson, L., and Orr, E. Mochly-Rosen, D.
(1994). Cloning of an intracellular receptor for protein kinase C: a homolog
of the β subunit of G proteins. Proc. Natl. Acad. Sci. U.S.A. 91, 839–843. doi:
10.1073/pnas.91.3.839
Ruiz Carrillo, D., Chandrasekaran, R., Nilsson, M., Cornvik, T., Liew, C. W.,
Tan, S. M., et al. (2012). Structure of human Rack1 protein at a resolution of
2.45Å. Acta Crystallogr. Sect. F: Struct. Biol. Cryst. Commun. 68, 867–872. doi:
10.1107/S1744309112027480
Saijo, Y., Tinto, N., Lu, X., Rauf, P., Pajerowska-Mukhtar, K., Häweker, H., et al.
(2009). Receptor quality control in the endoplasmic reticulum for plant innate
immunity. EMBO J. 28, 3439–3449. doi: 10.1038/emboj.2009.263
Sawa, S. (2002). Overexpression of the AtmybL2 gene represses trichome
development in Arabidopsis. DNA Res. 9, 31–34. doi: 10.1093/dnares/9.2.31
Schaart, J. G., Dubos, C., Romero De La Fuente, I., van Houwelingen, A. M.,
de Vos, R. C., et al. (2013). Identification and characterization of MYB-
bHLH-WD40 regulatory complexes controlling proanthocyanidin biosynthesis
in strawberry (Fragaria × ananassa) fruits. New Phytol. 197, 454–467. doi:
10.1111/nph.12017
Schenke, D., Boettcher, C., and Scheel, D. (2011). Crosstalk between abiotic
ultraviolet-B stress and biotic (flg22) stress signalling in Arabidopsis prevents
flavonol accumulation in favor of pathogen defence compound production.
Plant. Cell Environ. 34, 1849–1864. doi: 10.1111/j.1365-3040.2011.02381.x
Selinger, D. A., and Chandler, V. L. (1999). A mutation in the pale aleurone color1
gene identifies a novel regulator of the maize anthocyanin pathway. Plant Cell
11, 5–14. doi: 10.1105/tpc.11.1.5
Shih, C. H., Chu, I. K., Yip, W. K., and Lo, C. (2006). Differential expression of
two flavonoid 3′-hydroxylase cDNAs involved in biosynthesis of anthocyanin
pigments and 3-deoxyanthocyanidin phytoalexins in Sorghum. Plant Cell
Physiol. 47, 1412–1419. doi: 10.1093/pcp/pcl003
Shiu, S. H., and Bleecker, A. B. (2001). Plant receptor-like kinase gene
family: diversity, function, and signaling. Sci. STKE 2001, 22. doi:
10.1126/stke.2001.113.re22
Shiu, S. H., and Bleecker, A. B. (2003). Expansion of the receptor-like kinase/Pelle
gene family and receptor-like proteins in Arabidopsis. Plant Physiol. 132,
530–543. doi: 10.1104/pp.103.021964
Simon, M., Lee, M. M., Lin, Y., Gish, L., and Schiefelbein, J. (2007). Distinct and
overlapping roles of single-repeat MYB genes in root epidermal patterning.
Dev. Biol. 311, 566–578. doi: 10.1016/j.ydbio.2007.09.001
Smith, T. F., Gaitatzes, C., Saxena, K., and Neer, E. J. (1999). The WD repeat: a
common architecture for diverse functions. Trends Biochem. Sci. 24, 181–185.
doi: 10.1016/S0968-0004(99)01384-5
Snyder, B. A., and Nicholson, R. L. (1990). Synthesis of phytoalexins in Sorghum
as a site-specific response to fungal ingress. Science 248, 1637–1639. doi:
10.1126/science.248.4963.1637
Sondek, J., Bohm, A., Lambright, D. G., Hamm, H. E., and Sigler, P. B. (1996).
Crystal structure of a G-protein βγdimer at 2.1 Å resolution. Nature 379,
369–374. doi: 10.1038/379369a0
Stirnimann, C. U., Petsalaki, E., Russell, R. B., and Muller, C. W. (2010). WD40
proteins propel cellular networks. Trends Biochem. Sci. 35, 565–574. doi:
10.1016/j.tibs.2010.04.003
Stone, J. M., and Walker, J. C. (1995). Plant protein kinase families and signal
transduction. Plant Physiol. 108, 451–457. doi: 10.1104/pp.108.2.451
Stracke, R., Werber, M., and Weisshaar, B. (2001). The R2R3-MYB gene family in
Arabidopsis thaliana. Curr. Opin. Plant Biol. 4, 447–456. doi: 10.1016/S1369-
5266(00)00199-0
Taddese, B., Upton, G. J. G., Bailey, G. R., Jordan, S. R. D., Abdulla, N. Y., Reeves, P.
J., et al. (2014). Do plants contain G protein-coupled receptors? Plant Phyisol.
164, 287–307. doi: 10.1104/pp.113.228874
Taylor, J. M., Jacob-Mosier, G. G., Lawton, R. G., Remmers, A. E., and Neubig, R.
R. (1994). Binding of an alpha 2 adrenergic receptor third intracellular loop
peptide to G β and the amino acid terminus of G alpha. J. Biol. Chem. 269,
27618–27624.
Frontiers in Plant Science | www.frontiersin.org 14 January 2016 | Volume 6 | Article 1108
Miller et al. Plant Gαβγ and MYB-bHLH-TTG1 Complexes
Taylor, J. M., Jacob-Mosier, G. G., Lawton, R. G., Van Dort, M., and Neubig, R. R.
(1996). Receptor and membrane interaction sites on Gβ. A receptor- derived
peptide binds to the carboxyl terminus. J. Biol. Chem. 271, 3336–3339.
Teng, S., Keurentjes, J., Bentsink, L., Koornneef, M., and Smeekens, S.
(2005). Sucrose-specific induction of anthocyanin biosynthesis in Arabidopsis
requires the MYB75/PAP1 gene. Plant Physiol. 139, 1840–1852. doi:
10.1104/pp.105.066688
Thung, L., Chakravorty, D., Trusov, Y., Jones, A. M., and Botella, J. R. (2013).
Signaling specificity provided by the Arabidopsis thaliana heterotrimeric
G-protein g subunits AGG1 and AGG2 is partially but not exclusively
provided through transcriptional regulation. PLoS ONE 8:e58503. doi:
10.1371/journal.pone.0058503
Thung, L., Trusov, Y., Chakravorty, D., and Botella, J. R. (2012). Gγ1+Gγ2+
Gγ3 = Gβ: the search for heterotrimeric G-protein γ subunits in Arabidopsis
is over. J. Plant Physiol. 169, 542–545. doi: 10.1016/j.jplph.2011.11.010
Tominaga, R., Iwata, M., Okada, K., and Wada, T. (2007). Functional analysis of
the epidermal-specific MYB genes CAPRICE andWEREWOLF in Arabidopsis.
Plant Cell 19, 2264–2277. doi: 10.1105/tpc.106.045732
Torres, M. A., Morales, J., Sánchez-Rodríguez, C., Molina, A., and Dangl, J.
L. (2013). Functional interplay between Arabidopsis NADPH oxidases and
heterotrimeric G protein. Mol. Plant Microbe Interact. 26, 686–694. doi:
10.1094/MPMI-10-12-0236-R
Trusov, Y., Chakravorty, D., and Botella, J. R. (2012). Diversity of heterotrimeric
G-protein γ subunits in plants. BMC Res. Notes 5:608. doi: 10.1186/1756-0500-
5-608
Trusov, Y., Rookes, J. E., Chakravorty, D., Armour, D., Schenk, P. M., and Botella,
J. R. (2006). Heterotrimeric G proteins facilitate Arabidopsis resistance to
necrotrophic pathogens and are involved in jasmonate signaling. Plant Physiol.
140, 210–220. doi: 10.1104/pp.105.069625
Trusov, Y., Rookes, J. E., Tilbrook, K., Chakravorty, D., Mason, M. G., Anderson,
D., et al. (2007). Heterotrimeric G protein γ subunits provide functional
selectivity in Gβγ dimer signaling in Arabidopsis. Plant Cell 19, 1235–1250. doi:
10.1105/tpc.107.050096
Trusov, Y., Sewelam, N., Rookes, J. E., Kunkel, M., Nowak, E., Schenk, P. M.,
et al. (2009). Heterotrimeric G proteins-mediated resistance to necrotrophic
pathogens includes mechanisms independent of salicylic acid-, jasmonic
acid/ethylene- and abscisic acid-mediated defense signaling. Plant J. 58, 69–81.
doi: 10.1111/j.1365-313X.2008.03755.x
Tuerck, J. A., and Fromm, M. E. (1994). Elements of the maize A1 promoter
required for transactivation by the anthocyanin B/C1 or phlobaphene P
regulatory genes. Plant Cell 6, 1655–1663. doi: 10.1105/tpc.6.11.1655
Ullah, H., Scappini, E. L., Moon, A. F., Williams, L. V., Armstrong,
D. L., and Pedersen, L. C. (2008). Structure of a signal transduction
regulator, RACK1, from Arabidopsis thaliana. Protein Sci. 17, 1771–1780. doi:
10.1110/ps.035121.108
UN-DESA. (2013). World Population Prospects: The 2012 Revision, Press Release.
New York: United Nations, Department of Economic and Social Affairs,
Population Division (accessed June 13, 2013).
Urano, D., Chen, J. G., Botella, J. R., and Jones, A. M. (2013). Heterotrimeric
G protein signalling in the plant kingdom. Open Biol. 3, 120186. doi:
10.1098/rsob.120186
Urano, D., and Jones, A. M. (2014). Heterotrimeric G protein-coupled signaling
in plants. Annu. Rev. Plant Biol. 65, 365–384. doi: 10.1146/annurev-arplant-
050213-040133
van Baarlen, P., Legendre, L., and van Kan, J. A. L. (2007). “Plant defence
compounds against botrytis infection,” in Botrytis: Biology, Pathology
and Control, eds Y. Elad, B. Williamson, P. Tudzynski, and N. Delen
(Dordrecht: Kluwer Academic Publishers), 143–155. doi: 10.1007/978-1-4020-
2626-3_9
van Nocker, S., and Ludwig, P. (2003). The WD-repeat protein super family
in Arabidopsis: conservation and divergence in structure and function. BMC
Genom. 4:50. doi: 10.1186/1471-2164-4-50
Van Wees, S. C., Pieterse, C. M., Trijssenaar, A., Van ‘t Westende, Y. A., Hartog,
F., and van Loon, L. C. (1997). Differential induction of systemic resistance in
Arabidopsis by biocontrol bacteria. Mol. Plant-Microbe Interact. 10, 716–724.
doi: 10.1094/MPMI.1997.10.6.716
Walker, A. R., Davison, P., Bolognesi-Winfield, A., James, C. N., Srinivasan,
N., Blundell, T. L., et al. (1999). The TRANSPARENT TESTA GLABRA1
locus, which regulates trichome differentiation and anthocyanin biosynthesis
in Arabidopsis, encodes a WD40 repeat protein. Plant Cell 11, 1337–1350. doi:
10.1105/tpc.11.7.1337
Wang, Y., Liu, R., Chen, L., Wang, Y., Liang, Y., Wu, X., et al. (2009). Nicotiana
tabacum TTG1 contributes to ParA1-induced signalling and cell death in leaf
trichomes. J. Cell Sci. 122, 2673–2685. doi: 10.1242/jcs.049023
Weiergang, I., Hipskind, J. D., and Nicholson, R. L. (1996). Synthesis of 3-
deoxyanthocyanidin phytoalexins in Sorghum occurs independent of light.
Physiol. Mol. Plant Path. 49, 377–388. doi: 10.1006/pmpp.1996.0060
Weiss, C. A., Gamaat, C. W., Mukai, K., Hu, Y., and Ma, H. (1994). Isolation of
cDNAs encoding guanine nucleotide-binding protein β-subunit homologues
from maize (ZGB1) and Arabidopsis (AGB1). Proc. Natl. Acad. Sci. U.S.A. 91,
9554–9558. doi: 10.1073/pnas.91.20.9554
Wettschureck, N., and Offermanns, S. (2005). Mammalian G proteins
and their cell type specific functions. Physiol. Rev. 85, 1159–1204. doi:
10.1152/physrev.00003.2005
Wharton, P. S., and Nicholson, R. L. (2000). Temporal synthesis and radiolabelling
of the Sorghum 3-deoxyanthocyanidin phytoalexins and the anthocyanin,
cyanidin 3-dimalonyl glucoside.New Phytol. 145, 457–469. doi: 10.1046/j.1469-
8137.2000.00600.x
Williams, C. E., and Grotewold, E. (1997). Differences between plant and animal
Myb domains are fundamental for DNA binding activity, and chimeric
Myb domains have novel DNA binding specificities. J. Biol. Chem. 272,
563571.
Winkel-Shirley, B. (2001). Flavonoid biosynthesis. A colorful model for genetics,
biochemistry, cell biology, and biotechnology. Plant Physiol. 126, 485–493. doi:
10.1104/pp.126.2.485
Witzel, F., Maddison, L., and Blüthgen, N. (2012). How scaffolds shape MAPK
signaling: what we know and opportunities for systems approaches. Front.
Physiol. 3:475. doi: 10.3389/fphys.2012.00475
Xu, D., Chen, M., Ma, Y., Xu, Z., Li, L., Chen, Y., et al. (2015). A G-protein β
subunit, AGB1, negatively regulates the ABA response and drought tolerance
by down-regulating AtMPK6-related pathway in Arabidopsis. PLoS ONE
10:e0116385. doi: 10.1371/journal.pone.0116385
Yang, A., Zhu, Z., Kapranov, P., McKeon, F., Church, G. M., Gingeras, T. R.,
et al. (2006). Relationships between p63 binding, DNA sequence, transcription
activity, and biological function in human cells. Mol. Cell 24, 593–602. doi:
10.1016/j.molcel.2006.10.018
Zeng, W., and He, S. Y. (2010). A prominent role of the flagellin receptor
FLAGELLIN-SENSING2 in mediating stomatal response to Pseudomonas
syringae pv tomato DC3000 in Arabidopsis. Plant Physiol. 153, 1188–1198. doi:
10.1104/pp.110.157016
Zhang, F., Gonzalez, A., Zhao, M., Payne, C. T., and Lloyd, A. (2003). A network
of redundant bHLH proteins functions in all TTG1-dependent pathways of
Arabidopsis. Development 130, 4859–4869. doi: 10.1242/dev.00681
Zhang, J., Lu, Y., Yuan, Y., Zhang, X., Geng, J., Chen, Y., et al. (2009). Map-based
cloning and characterization of a gene controlling hairiness and seed coat color
traits in Brassica rapa. Plant Mol. Biol. 69, 553–563. doi: 10.1007/s11103-008-
9437-y
Zhang, W., He, S. Y., and Assmann, S. M. (2008). The plant innate immunity
response in stomatal guard cells invokes G-protein-dependent ion channel
regulation. Plant J. 56, 984–996. doi: 10.1111/j.1365-313X.2008.03657.x
Zhao, J., Zhang, W., Zhao, Y., Gong, X., Guo, L., Zhu, G., et al. (2007). SAD2,
an importin -like protein, is required for UV-B response in Arabidopsis
by mediating MYB4 nuclear trafficking. Plant Cell 19, 3805–3818. doi:
10.1105/tpc.106.048900
Zhao, M., Morohashi, K., Hatlestad, G., Grotewold, E., and Lloyd, A. (2008).
The TTG1-bHLH-MYB complex controls trichome cell fate and patterning
through direct targeting of regulatory loci. Development 135, 1991–1999. doi:
10.1242/dev.016873
Zhou, J., Lee, C., Zhong, R., and Ye, Z. H. (2009). MYB58 and MYB63
are transcriptional activators of lignin biosynthetic pathway during
secondary cell wall formation in Arabidopsis. Plant Cell 21, 248–266. doi:
10.1105/tpc.108.063321
Zhu, H., Li, G. J., Ding, L., Cui, X., Berg, H., Assmann, S. M., et al. (2009).
Arabidopsis extra large G-protein 2 (XLG2) interacts with the Gβ subunit of
heterotrimeric G protein and functions in disease resistance. Mol. Plant 2,
513–525. doi: 10.1093/mp/ssp001
Frontiers in Plant Science | www.frontiersin.org 15 January 2016 | Volume 6 | Article 1108
Miller et al. Plant Gαβγ and MYB-bHLH-TTG1 Complexes
Zimmermann, I. M., Heim, M. A., Weisshaar, B., and Uhrig, J. F. (2004).
Comprehensive identification of Arabidopsis thaliana MYB transcription
factors interacting with R/B-like BHLH proteins. Plant J. 40, 22–34. doi:
10.1111/j.1365-313X.2004.02183.x
Zipfel, C. (2014). Plant pattern-recognition receptors. Trends Immunol. 35,
345–351. doi: 10.1016/j.it.2014.05.004
Zuther, K., Kahnt, J., Utemark, J., Imkampe, J., Uhse, S., and Schirawski, J. (2012).
Host specificity of Sporisorium reilianum is tightly linked to generation of the
phytoalexin luteolinidin by Sorghum bicolor. Mol. Plant Microbe Interact. 25,
1230–1237. doi: 10.1094/MPMI-12-11-0314
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016Miller, Chezem and Clay. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 16 January 2016 | Volume 6 | Article 1108
